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Abstract
Genetic Analysis and Telemetry Study of Migration Habits of the Endangered Atlantic Sturgeon
Cassia Busch
Atlantic sturgeon are a long-lived anadromous fish that ranged from Labrador, Canada to
Florida, US. Due to overharvest in the late 1800’s and 1900’s, Atlantic sturgeon populations
across the coast experienced a dramatic population crash. Recovery of this species has faced
challenges due to anthropogenic threats, such as vessel strikes, bycatch, and habitat degradation.
In 2012, Atlantic sturgeon were added to the United States Endangered Species Act (ESA).
Under the ESA, populations were listed as five distinct population segments (DPS), reflecting
their geographic arrangement and genetic structure: Gulf of Maine DPS (threatened), New York
Bight DPS (endangered), Chesapeake DPS (endangered), Carolina DPS (endangered), and South
Atlantic DPS (endangered). As sub-adults and adults, Atlantic sturgeon migrate along the eastern
coast of the United States and into Canada, temporarily inhabiting marine, estuarine, and riverine
habitats. These migrations often lead to the formation of mixed-stock aggregations, with
individuals from different populations cooccurring in space and time. Genetic assignment testing
was used to relate individuals sampled in the Atlantic Ocean Delaware to their natal population.
In this aggregation, individual sturgeon from each of the five DPS were detected. Next, we used
telemetry data from the assigned Atlantic sturgeon to compare the upriver movement patterns
between natal and non-natal fish into the Hudson and Delaware Rivers. Statistically significant
differences were found between the upriver movement patterns of natal and non-natal Atlantic
sturgeon in both rivers (Hudson, p=0.016; Delaware, p=1.56x10-11). Differences in upriver travel
were also compared between males and females, where males tended to travel further upriver
than females for both natal and non-natal individuals (p<0 .05).
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Chapter 1: Literature Review
Sturgeons are ancient fishes and can be traced back in fossil records to over 200 million
years ago during the Triassic period (Banas 2021). Today we recognize 25 species of sturgeons,
all of which belong to the family Acipenseridae (Findeis 2005; Nelson et al. 2013). The 25
species which comprise the Acipenseridae family are found around the globe and are very
diverse in their life ecology (Doroshov and Cech 2017). Most species are anadromous, meaning
that they reside in marine habitats during the majority of their life and return to freshwater to
spawn; however, there are also species of sturgeon that are potamodromous, residing solely in
freshwater (Doroshov and Cech 2017).
The family Acipenseridae is subdivided into four genera: Huso, Acipenser,
Pseudoscaphirhynchus, and Scaphirhynchus. North America has eight species of sturgeon, all
belonging to the genera Acipenser or Scaphirhynchus: A. brevirostrum (shortnose sturgeon), A.
fulvescens (lake sturgeon), S. platorynchus (shovelnose sturgeon), S. albus (pallid sturgeon), S.
suttkusi (Alabama sturgeon), A. medirostris (green sturgeon), A. transmontanus (white sturgeon),
and A. oxyrinchus which is subdivided into two subspecies A. o. oxyrinchus (Atlantic sturgeon)
and A. o. desotoi (Gulf sturgeon) (Barth et al. 2009).
Atlantic sturgeon are large, long-lived animals which grow slowly and mature late in
their life. Individuals are capable of reaching lengths of 14 feet and can live up to 60 years
(Grunwald et al. 2008). Atlantic sturgeon are anadromous; they spend most of their adult life
along the Atlantic coast of the United States and north into Canada, sometimes migrating long
distances (Grunwald et al. 2008; White et al. 2021). They return to freshwater of their natal
rivers to spawn before travelling back to the Atlantic Ocean. Atlantic sturgeon are thought to be
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highly philopatric, with individuals returning to their same natal river throughout their lives to
spawn (Grunwald et al. 2008; Breece et al. 2021).
Historically, Atlantic sturgeon used approximately 35 rivers along the Atlantic coast of
the United States and Canada for support spawning. However, this has dropped to at least 10
confirmed rivers being used for spawning (ASMFC 2017). During spawning, Atlantic sturgeon
females will deposit eggs onto bottom substrate. As the eggs are very adhesive, ideal substrate is
a coarse gravel-like material. Male sturgeon will then fertilize these deposited eggs (ASSRT
2007). Atlantic sturgeon fecundity is largely dependent on age and size, with the number of eggs
produced ranging from 400,000 to eight million eggs (ASSRT 2007; Doroshov and Cech 2014).
Once hatched, juveniles reside in their natal rivers for up to six years (Savoy et al. 2017).
During this time, juveniles gradually transition up the saline gradient, migrating toward the salt
front in their river. Eventually, at a length of around 76-92 centimeters, young transition from
their natal estuary and enter fully marine waters (ASSRT 2007; Laney et al. 2007). After leaving
their natal habitats, juveniles engage in extensive migrations along the coast.
The motives of these great movements are not well understood; one of the possible
motives is to search for food (O’Leary et al. 2014). Atlantic sturgeon are benthic feeders,
consuming prey from the bottoms of waterways. They have no teeth, instead they consume prey
with their vacuum-like mouth which is located on the bottom of their head. Sturgeon largely feed
on mollusks, worms, crustaceans, and aquatic vertebrae (McLean et al. 2014).
Atlantic sturgeon migrate along the Atlantic coast, feeding and growing until they reach
sexual maturity. The age of sexual maturity in Atlantic sturgeon varies by latitude. Southern
populations tend to reach sexual maturity much earlier than northern populations. Initial
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spawning age of females in South Carolina rivers was found to range from 7-10 years, whereas a
range of 27-28 years for initial spawning age of females has been observed in the St. Lawrence
River (Hilton et al. 2016). Additionally, it is consistently reported that males reach sexual
maturity earlier than females (Hilton et al. 2016).
Upon maturity, Atlantic sturgeon return to the freshwater reaches of their natal rivers to
spawn, as eggs need minimal salinity for survival. From this point, individuals will return to their
natal river to spawn at variable intervals throughout the rest of their lives. Historically it has been
accepted that males have a much shorter interval between spawning reoccurrences, returning as
soon as the following year, as opposed to females which were thought to have a much longer
recovery period between spawning (Savoy et al. 2017). However, recent telemetry studies have
suggested a shorter recovery period for females than previously thought (Breece et al 2021).
Atlantic sturgeon studied in the Hudson River were fitted with acoustic transmitters and through
telemetry, Breece et al. (2021) noticed females returning at an average interval of 1.66 years,
with observations of a female returning in consecutive years to spawn. In the weeks to months
following spawning, sturgeon gradually travel from the rivers back to the Atlantic Ocean to
continue their migrations. Males are found to remain at the spawning grounds for longer periods
than females, with a duration of 46 days for males and 22 days for females (Breece et al. 2021).
After leaving their natal rivers, Atlantic sturgeon adults return to the ocean. While in the
ocean, Atlantic sturgeon have been found to form mixed-stock aggregations, composed of
individuals from various populations. These aggregates are often found in estuaries and nearshore waters and are hypothesized to be related to food availability and driven by temperature
and other seasonal cues (Dunton et al. 2010; Dunton et al. 2012).
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Atlantic sturgeon were once found in great numbers, with their historical range
encompassing most major rivers on the Atlantic coast of North America, from Labrador province
in Canada to Florida. Throughout the late 1800’s and early 1900’s, Atlantic sturgeon supported
major commercial fisheries, peaking in 1890 with an estimated 7 million pound haul (Taub
1990). Atlantic sturgeon were highly sought for their meat and prized eggs, the delicacy caviar,
ultimately leading to overexploitation and a dramatic population crash in the early 1900’s. In
1975, Atlantic sturgeon were listed in the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) regulating international trade of Atlantic sturgeon,
particularly their caviar. However, more strict management was not implemented until 1990
when the Atlantic States Marine Fisheries Commission established a plan to put into place
regulations on Atlantic sturgeon fishing with the ultimate goal of restoring populations to the
level where they could support fishing levels of 10% of their historical maximum (Taub 1990).
This plan was amended in 1998, implementing much more strict regulations, such as
establishing a 40-year moratorium to protect 20 year classes of spawning females as well as
prohibiting the possession of any Atlantic sturgeon parts (ASSRT 1998). Due to the continued
lack of recovery of the species, Atlantic sturgeon were added to the United States Endangered
Species Act (ESA) in 2012. As part of being added to the ESA, Atlantic sturgeon spawning
rivers were divided into five distinct population segments (DPS): Gulf of Maine (threatened),
New York Bight (endangered), Chesapeake Bay (endangered), Carolina (endangered), and South
Atlantic (endangered) (Dunton et al. 2012).
Despite these protections, Atlantic sturgeon populations face a multitude of threats and
some populations continue to struggle. Current threats faced by Atlantic sturgeon include
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poaching, vessel strikes, dam construction, poor water quality, and bycatch (Stein et al. 2004).
Drift nets or sink nets are commonly used by the fishing industry to capture commercial fish
species, such as goosefish (Lophius americanus), dogfish (Squalus acanthias), and striped bass
(Morone saxatilis). However, the use of these netting methods commonly captures species other
than the intended fish species, including Atlantic sturgeon. Bycatch in sink gill nets and drift gill
nets has been reported to result in immediate mortality rates of 22% and 10%, respectively in
Atlantic sturgeon populations, with these values being a minimum estimate due to
underreporting of bycatch (Stein et al. 2004). Stein et al. (2004) estimated that between 1989 and
2000, over 1000 Atlantic sturgeon fatalities occurred each year solely due to bycatch.
Another source of fatalities for Atlantic sturgeon is from vessel strikes. Large commercial
vessels, as well as smaller recreational crafts can collide with Atlantic sturgeon in the water
column and the rotating blades of the propellors can lacerate and fatally wound the fish.
Interactions between Atlantic sturgeon and vessels increase in areas with large shipping ports
and narrow waterways (ASSRT 2007). The Delaware Estuary and River as well as the James
River are two systems with these characteristics and have been researched to study the impact of
vessel traffic on Atlantic sturgeon. A study within the Delaware Estuary recorded 28 mortalities
between 2005 and 2008 (Brown and Murphy 2010). Some of the individuals were too
decomposed to determine cause of death, however, 50% of the sturgeon had sustained injuries
consistent with vessel collision. The authors predict that some, if not all of the decomposed
individuals were also casualties to vessel strikes. As the Delaware Estuary is an aggregation site
for Atlantic sturgeon, it is likely that these mortalities are occurring to individuals originating
from along the coast. They calculated that the maximum EPR (eggs per recruit, 7.1 million eggs)
would be decreased by fifty percent if 2.5% of the females within the Delaware River population
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are struck and killed by vessels, thus adversely affecting the population (Brown and Murphy
2010).
Atlantic sturgeon’s high philopatric tendencies lead to genetic distinction between
riverine populations. Due to natal fidelity, there is low gene flow between populations of
different river systems leading to this genetic distinction (Grunwald et al. 2008). Because of the
migratory behavior of sturgeon, populations are not solely affected by threats in their nearby
natal river, or even localized to their DPS. Population structure of these riverine populations can
be heavily influenced by threats coastwide as individuals migrate far from their rivers. Getting an
understanding of migration patterns during the marine phase is crucial to get a better idea of how
threats may impact these fish.
Atlantic sturgeon have been found to form aggregates which are composed of individuals
with mixed-stock origin. Getting an understanding of the composition of these aggregates as well
as their movement is important since knowing the location and seasonal timing of these
aggregates will allow for mitigation of human activity in areas of high Atlantic sturgeon density.
A study performed by Wirgin et al. (2012) looked at an Atlantic sturgeon aggregate in the Minas
Basin (Canada). Their focus was on finding the degree of mixing and stock composition of the
individuals within the Basin. Wirgin et al. (2012) analyzed mitochondrial DNA and
11 microsatellite loci. Comparing the individuals to nine reference populations (Altamaha,
Ogeechee, Savannah, Albemarle, James, Delaware, Hudson, Kennebec, and St. John Rivers),
they found that their sample consisted of individuals from St. John River (60%), Kennebec River
(34-36%), and Hudson River (1-2%), with <1% consisting from rivers further south. Such high
proportions of Atlantic sturgeon found in bodies of water outside of the US (~40%) make
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recovery difficult due to take by bycatch and other potential threats that may occur in foreign
waters, yet still play a role in the structure of those riverine populations.
Aggregates include individuals from various spawning populations and are often
comprised of migrants from far populations regardless of the proximity to a local spawning
population. Wirgin et al. (2015) collected 261 subadult and adult Atlantic sturgeon from the
coastal waters of Bethany Beach, Delaware. They used mtDNA control region sequencing and
microsatellite DNA analyses at 11 loci to determine origin of individual Atlantic sturgeon
sampled. While their sample site was inherently proximal to the Delaware River, a spawning
site for Atlantic sturgeon within the New York Bight DPS, they found that the proportion of
individuals originating from that river was lower than expected. Using individual based
assignment (IBA) testing, they found that of their 261 sampled individuals, 38.3% originated
from the Hudson River, 19.9% James River, 13.8% Delaware River, 9.2% Ogeechee River,
6.5% Savannah River, 5.3% Kennebec River, 5.3% Albemarle Sound-Roanoke River, and 1.5%
from the St. John River. The low contribution from the Delaware River population is
not surprising due to the decimation of this river’s population and multitude of factors limiting
its recovery. The Delaware River was the location of the largest fishery with peak landings
being 90% of total US landings in the late 1800’s (Wirgin et al. 2015); however, as of 2007 it
was estimated that the population of this river consists of about 300 adult individuals (ASSRT
2007). Recovery of this population is influenced by multiple potential factors, such as low
dissolved oxygen levels within the Delaware River due to a previous severe oxygen block in the
Philadelphia, PA area, frequent vessel strikes, as well as an upper Delaware Bay power plant
(Wirgin et al. 2015).
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Migration patterns and aggregate composition may also vary with latitude. A study
performed by Kazyak et al. (2021) looked not only at the genetic assignment of sturgeon
collected from along the coast, but compared this with their location to find significant
differences of migration by latitude. They divided the coast into “North”, “Mid”, and “South”
segments with Cape Cod and Cape Hatteras being the division locations. They found that the
“North” segment had no Atlantic sturgeon from any other segment. Additionally, they found
that the composition of the “South” segment was primarily from populations within the “South”
section, although this segment did include some individuals from both “North” and “Mid”.
However, assignment from individuals in the “Mid” region suggested high levels of mixing
from individuals across all five DPS (Kazyak et al. 2021), indicating that levels of migration
may differ by the latitude of individuals’ natal river or DPS.
Although non-spawning aggregates contain a mixture of sturgeon from different
populations, Atlantic sturgeon show low levels of straying between spawning locations.
Grunwald et al. (2008) estimated rates of <1 migrant per generation between spawning
populations. However, while Atlantic sturgeon may not spawn in non-natal rivers, they may
enter estuaries or even the mouth of non-natal rivers during their migrations (Hilton et al. 2016;
Edwards et al. 2020). The tendency of individuals to inhabit non-natal rivers is found in other
sturgeon species such as lake sturgeon and Gulf sturgeon (Donofrio et al. 2018; Fox et al. 2002);
however, in Atlantic sturgeon it is not well studied how far upstream a non-natal fish may travel.
It would prove advantageous to find a threshold so that population estimates could be made
from sampling downstream of this threshold and reduce the current risk of artificially high
population estimates due to the inclusion of non-natal individuals (Waldman et al. 2013).
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Sex may also influence migration patterns and stray rates. A study on lake sturgeon in
the Namakan Reservoir found that females have a higher distance travelled (12.0 km) when
compared to males (7.9 km); however, the difference was not significant (p=0.28). They did,
however, find a significant difference in the minimum upriver travel of females when comparing
their reproductive status, with reproductive females travelling further upriver (Shaw et al. 2013).
Another study assessing Gulf sturgeon found similar results with ripe adults travelling
significantly further upstream than non-ripe individuals. Additionally, they noticed the trend that
males travelled further upstream than females, however the difference was not significant (Fox
et al. 2000).
While significant differences between sex in distance travelled upriver does not seem
apparent in these studies on lake sturgeon or Gulf sturgeon, it is still likely that sex plays a role
in migration pattern and stray rate differences of Atlantic sturgeon. Females mature later than
males and their spawning intervals are thought to be longer, both of these characteristics suggest
a difference in movement patterns between the sexes (Savoy et al. 2017). It has been found that
males arrive at the spawning site of their natal river earlier than females, as well as stay past the
date that females leave the river system (Breece et al. 2021). Males and females also differ
drastically in the amount of energy needed to be acquired for spawning purposes. Females
devote much greater amounts of energy to egg production and due to this, may have a higher
food-based driver to movement than males. This leads to the idea that males and females may
have different migratory behaviors. This may also suggest potential differences in straying rates
between males and females.
The overall goal of my project is to analyze the genetic composition of Atlantic sturgeon
sampled from the mouth of the Delaware River and Bay (Figure 1). Additionally, my goal is to
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identify movement patterns of natal versus non-natal individuals within a river system.
Proportions of natal and non-natal individuals at certain river kilometers will help determine
more accurate abundance estimates of Atlantic sturgeon within river systems. Understanding
how the proportion of natal to non-natal individuals changes while travelling upriver may also
assist in determining origin of incidental take within a river system. When a fatality occurs
within a river, determining the origin of the fish is important to gain an understanding of how
various populations along the coast may be impacted by threats in other river systems.

Chapter 2: Genetic assignment of an Atlantic sturgeon mixed-stock assemblage off the
coast of Delaware
The objective of this chapter is to assign Atlantic sturgeon sampled from the mouth of the
Delaware River, Delaware Bay, and coastal Delaware to their natal river and thus spawning
population. Individuals have additionally been sexed to compare how population proportions
vary by sex. This gives a better understanding of how individuals from varying populations use
marine and estuarine habitat along the coast. It is expected that the majority of individuals will
be from proximal populations, with the presence of a small number of far migrating individuals.
Chapter 3: Stray rates of Atlantic sturgeon: determining travel distance in a non-natal
river system
The objective of this chapter is to use telemetry to analyze the travel of Atlantic sturgeon
into a non-natal river system and find how the proportion of natal and non-natal fish changes
progressing upriver. Additionally, sex will be considered as a factor in the distance travelled
upriver for both natal and non-natal individuals. It is expected that natal individuals will travel
further upriver than non-natal individuals, as well as further upstream travel by males as the
females tend to stage downstream.
10
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Sampling site of study

Figure 1. Map of site of sampling as well as which spawning
populations the individuals may be assigned to, with DPS
differentiated by color.

(White et al. 2021)
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Chapter 2:
Genetic assignment of Atlantic sturgeon assemblages along estuarine and coastal Delaware
Abstract
Atlantic sturgeon, Acipenser oxyrinchus oxyrinchus, are an anadromous species ranging
along the eastern coast of the United States. This long-lived species spends most of its life
migrating within marine waters, returning to natal rivers to spawn. The spawning populations of
Atlantic sturgeon were divided into five distinct population segments (DPS) when they were
added to the US Endangered Species Act (ESA) in 2012. While migrating along the coast,
Atlantic sturgeon can travel great distances and move in aggregates composed of individuals
from separate rivers, or even DPS. A better understanding of population structure of Atlantic
sturgeon is crucial to gain knowledge on their ecology, along with predicting future success of
populations. Using 12 microsatellite loci, 470 individuals collected from estuarine and coastal
waters of Delaware were compared against a baseline of 18 spawning populations to determine
highest probable river of origin. Additionally, the sex of individuals was determined to compare
proportions of natal population by sex to look for potential indications of sex-specific migration
patterns. Results showed the highest proportion of individuals originating from the Hudson River
population, followed by the fall run of the James River population, then the Delaware River
population. However, these fish caught and sampled off the coast of Delaware showed
representation of populations from each DPS along the Atlantic coast. Additionally, there was a
higher proportion of females present within this aggregate. These results assist in gaining a better
understanding of how individuals from varying populations use marine and estuarine habitat
along the coast.
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Introduction
Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) are an anadromous fish species
ranging along the Atlantic coast of the United States and into Canada (Grunwald et al. 2008).
This species, which was historically abundant, was the target of heavy commercial fishing from
the late 1800’s into the 1900’s causing a major crash in the populations coastwide (Taub 1990).
Recovery efforts have attempted to increase Atlantic sturgeon numbers. In 1998, a plan
established by the Atlantic States Marine Fisheries Commission in 1990 was amended to restore
Atlantic sturgeon populations by establishing a 40-year moratorium to protect 20 year classes of
spawning females (Taub 1990). In 2012, Atlantic sturgeon were added to the United States
Endangered Species Act (ESA) which divided spawning rivers into five distinct population
segments (DPS): Gulf of Maine (threatened), New York Bight (endangered), Chesapeake Bay
(endangered), Carolina (endangered), and South Atlantic (endangered) (Dunton et al. 2012).
This species is long lived, up to 60 years old, with late maturation (Grunward et al. 2008).
Once sexually mature, Atlantic sturgeon return to their natal rivers to spawn; however, they
reside in marine or estuarine waters most of their lives. Atlantic sturgeon are highly migratory,
travelling hundreds to thousands of miles along the Atlantic coast (Taylor et al. 2016).
Anthropogenic threats such as vessel strikes, dams, pollution, and bycatch mortality also make
the recovery of Atlantic sturgeon difficult (Stein et al. 2004). Atlantic sturgeon are an
anadromous species and therefore have higher potential for interacting with these threats than
species residing in a single habitat type. Atlantic sturgeon can come across anthropogenetic
threats in both freshwaters and marine waters during their migration.
While migrating along estuarine and marine habitats, Atlantic sturgeon form aggregates
of mixed-stock composition (Waldman et al. 2013; Wirgin et al. 2015). Wirgin et al (2015)
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performed a genetic study on the composition of aggregated Atlantic sturgeon off the coast of
Delaware. This study found high rates of contribution from the Hudson River as well as the
James River; however, their study showed the aggregate constituted individuals from each of the
five DPS as well as individuals from Canadian populations. Waldman et al. (2013) performed a
similar study in the Long Island Sound (n=275) and the Connecticut River (n=124) and found
that both sample locations included individuals contributing from across the eastern coast,
representing all five DPS. Getting an idea of stock composition of Atlantic sturgeon assemblages
can be beneficial in understanding how anthropogenic threats in particular areas may influence
varying populations.
One of the known coastal areas used by Atlantic sturgeon for aggregation is off the coast
of Delaware (ASSRT 2007). The Delaware River once supported the largest population of
Atlantic sturgeon along the entire coast of the United States. However, due to overexploitation
from fisheries in the late 1800s to 1900s, this river experienced a dramatic population crash.
While some rivers, such as the Hudson River, have been able to maintain or even increase in
population size, the Delaware River population has remained low and has been on the decline
(ASSRT 2007). Threats prevalent to Delaware individuals include vessel strikes, pollution, and
bycatch by commercial fisheries. As Atlantic sturgeon aggregate off the coast of Delaware, these
threats do not only influence the Delaware River spawning population, but varying river
populations and DPS’s of individuals that use this habitat.
The objectives of this chapter are to determine origin of individuals comprising an
aggregation of Atlantic sturgeon off the coast of Delaware by genetically assigning individuals
back to their most likely natal population. The other objective is to compare movement
differences between males and females. It is expected that this aggregate will include individuals
17

from each of the five DPS, however, highest contribution will likely be from the New York
Bight due to proximity.

Methods
Sample Collection
Sampling efforts were performed by Dr. Dewayne Fox through Delaware State
University. Atlantic sturgeon were collected from various locations in and around the Delaware
Bay. Sampling from 2005-2008 was performed within the Delaware River and Bay; 32
individuals were sampled between 2005 and 2008. Sampling from 2009-2017 was performed in
the marine waters of coastal Delaware; 442 individuals were sampled between 2009 and 2017.
Sampling efforts from 2019-2020 were performed in the entrance to the Delaware Bay; 50
individuals were sampled between 2019 and 2020. Gill nets were used for Atlantic sturgeon
sampling and fin clips were collected and stored in 95% ethanol. DNA was sent to USGS
Eastern Ecological Science Center for processing.

Laboratory Techniques
Whole genomic DNA was extracted from tissue samples using Puregene reagents
(QIAGEN) according to manufacturer’s protocol. Extracted DNA was quantified using
Invitrogen Qubit dsDNA BR Assay kit protocol and Qubit fluorometric quantification. Twelve
microsatellite loci (May et al. 1997; King et al. 2001; Henderson-Arzapalo and King 2002) were
amplified in 4 multiplex groups. The volumes of each primer were individualized for each
multiplex group for best performance, with the final reaction volume in each multiplex equaling
15 µL. Between all four multiplex groups, 12 microsatellite loci were amplified using
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polymerase chain reactions (PCR). The loci used in this analysis were AO23, LS68, LS19,
AO45, LS54, D241, LS39, D170, AO12, D188, D44, and D165. The preparation of the four
multiplex plates for PCR used forward and reverse primers specific to that multiplex’s loci,
QIAGEN multiplex master mix, and extracted DNA which had been standardized to a
concentration of 25 ng/µL (see Table 1 for specific details). Each multiplex plate contained three
negative controls and one positive control.
Each of the four multiplexes were run through a polymerase chain reaction thermocycler
(Bio-Rad). The thermocycling protocol used for Multiplex 1, 2, and 4 started with an initial
denaturation of 95°C for 15 minutes, followed by 35 cycles of 94°C for 30 sec, 58°C for 90 sec,
72°C for 90 sec, followed by 10 minutes at 72°C and then held indefinitely at 12°C. The
thermocycling protocol used for Multiplex 3 started with an initial denaturation of 95°C for 15
minutes, followed by 35 cycles of 94°C for 30 sec, 50°C for 90 sec, 72°C for 90 sec, followed by
10 minutes at 72°C and then held indefinitely at 12°C.
Fragment separation was performed on an ABI 3500 Genetic Analyzer using GeneScan
LIZ500 size standard in three pooled groups. PCR products were diluted, adding 1.5µL of PCR
product to 80 µL and 70 µl of autoclaved milli-Q H2O for each well for Multiplexes 1 and 4,
respectively. PCR multiplex 2 and 3 were combined in the dilution step, adding 1.5 µL of PCR
multiplex 2, 1.5 µL of PCR multiplex 3, and 70 µL of autoclaved milli-Q H2O. Three plates were
prepared for fragment analysis by combining 0.2 µL LIZ500 size standard, 12 µL Hi-Di
formamide, and 1.5 µL of diluted PCR product.

Data Analysis
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Resulting allele peaks were identified and manually confirmed using the software
GeneMapperTM (Thermofisher Scientific). Of the 524 fish which were initially included, 470
were successfully genotyped, having data for 10 or more loci. To differentiate natal rivers, these
470 individuals were compared to an Atlantic sturgeon genetic baseline (White et al. 2021). This
baseline included 18 populations of Atlantic sturgeon and comprised samples from known active
spawning locations. Some rivers are known to support spring and fall spawning runs and these
were treated as separate populations. The baseline included 2,510 individuals and only used
juvenile individuals, which still reside in the river since birth, as well as adults which have
returned to the river to spawn. This limits the chance of including a non-natal individual in the
baseline for a particular river population.
The software GeneClass2 (Piry et al. 2004) was used to compare the unknown samples
from the aggregate to the Atlantic sturgeon genetic baseline using Bayesian methods (Rannala
and Mountain 1997), assigning individuals to their most likely river of origin. If assignment
likelihood was <80%, the sample was considered of unknown origin. A threshold of 80% was
selected to maximize accuracy while maintaining a large percentage of individuals to be included
in the analysis. Testing the baseline using a leave-one-out approach, a threshold of 80%
likelihood allowed for the assignment of 79.5% of individuals while maintaining an accuracy of
90.8%. Using this 80% threshold in our own data, similarly, kept 79.4% of individuals to be used
in analyses.

Sex Determination
Sex was determined by four methods: field sex determination, macro gonad analysis,
histological analysis, and genetic sex identification (Van Eenennaam et al. 1996; Breece et al.
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2021; Kuhl et al. 2020). Sex of an individual was considered as unknown if results among
methods were contradictory or inconclusive. Sex data were combined with the genetic
assignment of each individual by a unique transmitter ID. A chi-square test was performed to
compare whether population representation differed between males and females (α = 0.05).

Results
The average likelihood assignment of the 470 individuals with unknown origin was
90.1%. The lowest assignment was an individual that was assigned with 29.3% likelihood. The
highest assignment was obtained by 41 individuals and assigned with 100% likelihood. Only
individuals with assignment rates of 80% or higher were retained for analysis as the individuals
with lower assignment rates have higher risk of being assigned to the wrong natal/spawning
population. A total of 373 unique Atlantic sturgeon were assigned to natal rivers with likelihood
over 80%, with an average probability of 96.8%. Out of the 18 populations included in the
baseline, 16 populations were represented, consisting of at least one individual from each of the
five DPS as well as the two Canadian river populations (Figure 1). The two populations that
were not assigned with a likelihood over 80% to any of these sampled individuals were the
Ogeechee fall run and the Edisto fall run; both rivers are a part of the South Atlantic DPS.
Our study sampled individuals from the Delaware River, Delaware Bay, and Coastal
Delaware. While this aggregate showed representation ranging across all of the DPS and
Canadian populations, a regional skew was suggested as 72.3% of the individuals assigned back
to a neighboring DPS of the study location (New York Bight and Chesapeake DPS). The highest
contributing river by far was the Hudson River with 41.8% of individuals assigning back to this
river (n=156); the next closest was the fall run of the James River with a contribution of 19.7%
21

(n=74) (Figure 2). Four individuals assigned to Canadian populations (St. Lawrence n=2; St.
John n=2) which were over a thousand kilometers from the sampling site near Delaware.
The highest contributing DPS was the New York Bight with 50.1% of individuals
assigning back to this DPS; however, despite the proximity of the sampling location to the
Delaware River, this river only contributed 8.3% while the majority of individuals assigned back
to the Hudson River. The next highest contribution to this aggregate came from the Chesapeake
DPS (22.5% of individuals). This DPS contribution was primarily composed of James River fall
run individuals with 19.8% of individuals assigning back to this spawning population (Figure 2).
When a chi-square test was run comparing the proportional contribution of the sixteen
spawning populations to the aggregate for males versus females, a significant difference was
found (p=6.27x10-7). For females, the highest contributing population was the James River fall
run, while the highest contributing population for males was the Hudson River (Figure 3).

Discussion
Gaining a better understanding of how Atlantic sturgeon migrate and use habitats away
from their natal rivers is important in restoration efforts for this species. Anthropogenic threats
add to the difficulty of recovery of this species as populations can be heavily impacted along the
entirety of the Atlantic coast. This species can be found in mixed-stock aggregates, therefore
threats in the vicinity of these aggregates can influence the structure of natal populations
hundreds of miles away.
Off the coast of Delaware, there was a significant difference in the proportional
contribution of spawning populations between males and females (p=6.27x10-7). Such
differences in the proportions of spawning populations between males and females suggest that
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movement differs between the sexes. The female subset of individuals had higher numbers of
more distant spawning populations, including four individuals assigned to Canadian populations.
Around 65% of females assigned back to the two closest DPS (New York Bight or Chesapeake
DPS), whereas 85.7% of males assigned back to these two DPS. Our results suggest that females
travel from more distant populations to arrive in the sampled area off the coast of Delaware than
males. Movement differences between sexes could suggest that males and females are driven by
different factors during their marine migrations. One such driver could be the search for food.
Females expend a lot of energy during their spawning efforts, producing and releasing millions
of eggs into the river to be fertilized (Borodin 1925). When they are not spawning, they are
replenishing this energy. It is possible that bioenergetic demands drive longer distance
migrations in female sturgeon.
The results of my study agree with the findings of other mixed-stock studies, which find
high levels of diversity of the origin of individuals sampled from estuarine or marine
assemblages (Wirgin et al. 2012). Wirgin et al. (2015) also performed another study sampling
Atlantic sturgeon from Bethany Beach, DE and genetically assigned individuals to their natal
origin using 11 microsatellite loci. That study found similar results to ours with the highest
supporting rivers to the sampling location being the Hudson and James Rivers (38.3% and 19.9%
respectively). Additionally, Kazyak et al. (2021) assessed spatial patterns in genetic assignments
of Atlantic sturgeon sampled along the Atlantic coast. They divided the coast into north, mid,
and south regions and genetically assigned individuals which were sampled from within each
region. This study found significant differences in migration when comparing along the north,
mid, and south locations. Samples from the north and south tended to have less degrees of
mixing than the mid region, which had higher degrees of contribution from varying riverine
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populations. Following this study, our sampling location would fall within the mid range, where
we similarly found contributions from spawning populations along the entire range of Atlantic
sturgeon representing each of the five DPS.
Despite the proximity of the sampling aggregation to the Delaware River spawning
population, the representation of the Delaware River was not high. Out of the 373 total assigned
individuals, 31 assigned back to the Delaware River (8.3%). This is likely because the Delaware
River spawning population is not recovering as successfully as some of its neighboring river
populations such as the Hudson or James Rivers (Wirgin et al. 2015). The estimated number of
spawning adults is under 300 individuals (ASSRT 2007). Factors that impede the recovery of
this population will likely pose similar risks to non-natal individuals that aggregate in the area.
Vessel strikes, bycatch by commercial fishing, as well as potential take by direct interaction with
turbines at the Delaware Bay power plant are all anthropogenic threats that influence not only the
Delaware population, but heavily influence individuals from distant rivers that aggregate in this
area (Wirgin et al 2015). The Delaware River, a relatively narrow system, also supports a major
complex of shipping ports (ASSRT 2007). Due to the heavy boat traffic within this river, vessel
strikes are a common form of mortality for Atlantic sturgeon that use this area. It is likely that
vessel strike mortality can heavily influence the Delaware River population as well as impact
populations from along the coast (Brown and Murphy 2010).
Due to the high diversity of populations represented at this aggregate site, risks within the
area have the potential to impact Atlantic sturgeon populations coast-wide. The highest
contributing river is the Hudson River, located within the New York Bight, which supports one
of the largest populations of Atlantic sturgeon in the United States (Kazyak et al. 2020; Breece et
al. 2021). This river highly contributed to this sampled aggregate (41.8%), likely due to not only
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the robustness of the population, but also due to the proximity to the sampling area. While each
DPS is represented in our sampling subset, the New York Bight and Chesapeake DPS have the
highest contribution of individuals.
Highest likelihood assignment testing determines the natal origin of an individual based
upon the similarity of the individual to the individuals included in the baseline for each
population. Our study includes only 18 populations from 14 rivers, therefore the assumption
follows that sampled individuals are from one of these populations and will be assigned back to
the population with the greatest likelihood. The possibility exists that an individual does not
belong to one of the populations included in the baseline, and it is given a wrong assignment. If
this is the case, it would likely have a low assignment likelihood, and would have been removed
for having a likelihood under 80%. Alternatively, due to the genetic similarities of neighboring
river systems, it is possible that they were assigned to a proximal river, likely still assigning
within the same DPS.
Anthropogenic threats in the area such as bycatch and high interactions with vessels have
the possibility of impacting multiple populations along the east coast. Further studies may prove
insightful on the draws to this particular area, particularly between males and females. Search of
food, water temperature, and salinity are all drivers of migration that may lead Atlantic sturgeon
to use this particular area to aggregate. Use of telemetry in future studies could prove beneficial
in analyzing how and why Atlantic sturgeon travel the coast to and from these mixed-stock
aggregates.
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Figures and Tables

Sampling site of study

Figure 1. This map shows the 18 spawning
populations that are included in the genetic baseline. If
a river has separate fall and spring spawn runs, it is
considered a different population. Rivers are color
coded to distinguish DPS and the number of
individuals for each population are in parentheses.
Additionally, the sampling site location is a star on the
map.
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Figure 2. Assignment of 373 individual Atlantic sturgeon to their natal river (outer
ring) and designated DPS (inner ring) as well as the percentage contribution of
each river population.
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Figure 3. Assignment of 184 females (left) and 140 males (right) to their natal river. These
individuals partially comprise the 373 assigned individuals sampled from the coast of Delaware.
Size of blocks correlate to proportion of individuals from that population.
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Figure 4. Natal assignment of the 373 individual Atlantic sturgeon, subdivided by sex of the
individual.
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Table 1. Volumes (µL) of primers, reagents (Qiagen Multiplex Mastermix, water), and DNA for four PCR
multiplexes as well as the final concentrations (ng/µL or µM) of each reagent.
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Chapter 3:
Telemetry comparison of Atlantic sturgeon movement into non-natal river systems in the
Hudson and Delaware Rivers

Abstract
Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) are a highly migratory anadromous
species ranging along the eastern coast of the United States. This species spends a majority of its
subadult and adult life migrating within marine waters, returning once sexually mature, to their
natal river to spawn. The spawning populations of Atlantic sturgeon were divided into 5 distinct
population segments (DPS) when they were added to the US Endangered Species Act (ESA) in
2012. While migrating along the coast, Atlantic sturgeon can travel great distances and form
aggregates composed of individuals from separate rivers, or even DPS. During their migration
they travel into non-natal estuaries and even into non-natal rivers. Understanding how Atlantic
sturgeon use varying habitats, including non-natal rivers is crucial to understanding the influence
of anthropogenic threats and obtaining accurate population size estimates. Movement patterns of
373 Atlantic sturgeon tagged with long-lived acoustic transmitters were recorded by
hydrophones in the Hudson River and Delaware Rivers. Genetic assignment tests were
performed on each tagged sturgeon to determine its natal population. The distance travelled
between natal and non-natal fish was compared, with further comparisons between male and
female individuals. Natal individuals travelled a further average distance upstream (Hudson:
135.2 km ; Delaware: 68.6 km) than non-natal individuals (Non-Hudson: 109.6 km, p=0.016;
Non-Delaware: 18.0 km, p=1.56x10-11). Additionally, further upstream travel was observed in
males for both natal and non-natal individuals (Hudson: natal p=0.008, non-natal p=0.0003;
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Delaware: natal p=0.036). A thorough understanding of how both natal and non-natal individuals
travel upstream will help managers better assess how anthropogenic threats influence
populations both proximal and distant.

Introduction
Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) are a long-lived anadromous species
whose habitat ranges across the eastern United States and into Canada (Grunwald et al. 2008).
Atlantic sturgeon were historically abundant, supporting commercial fisheries from the late
1800’s into the 1900’s. These fish were highly sought after for their roe and had peak landings
up to an estimated 7-million-pound haul (Taub 1990). Due to their overharvest, Atlantic sturgeon
species along the entire coast of the United States experienced a major population crash. Because
of their high mobility and interactions with waters far from their natal rivers, Atlantic sturgeon
are susceptible to anthropogenic threats along the entire coast. Some of the threats that this
species faces include vessel strikes, dam construction, pollution, and bycatch (Stein et al. 2004).
Following their dramatic decrease, several conservation efforts were put in place for the
protection of the species. In 1998, a plan established by the Atlantic States Marine Fisheries
Commission in 1990 was amended to restore Atlantic sturgeon populations by establishing a 40year moratorium to protect twenty year classes of spawning females (Taub 1990). In 2012,
Atlantic sturgeon were added to the United States Endangered Species Act (ESA) which divided
spawning rivers into five classes or distinct population segments (DPS): Gulf of Maine
(threatened), New York Bight (endangered), Chesapeake Bay (endangered), Carolina
(endangered), and South Atlantic (endangered) (Dunton et al. 2012).
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However, despite the ban on their harvest, Atlantic sturgeon recovery has been slow due
to a multitude of anthropogenic threats, as well as their own ecology. Atlantic sturgeon are longlived, capable of reaching ages up to around 60 years old. They also reach maturity late, with
southern populations reaching maturity from 7-10 years, while northern populations can be over
25 years old at their first spawning run (Hilton et al. 2016). Atlantic sturgeon are anadromous,
spending most of their lives in a marine environment, and philopatric, returning to their natal
rivers to spawn (Grunwald et al. 2008; Breece et al. 2021). While they reside in the ocean, they
are capable of migrating long distances, with it not being uncommon to travel hundreds of miles
(Taylor et al. 2016).
In anadromous species, such as the Atlantic sturgeon, estimation of population size is
difficult since individuals spend the majority of their life within the ocean. Atlantic sturgeon are
particularly challenging to enumerate as they tend to migrate extreme distances away from their
natal river and disperse over vast areas while in their marine phase of their life. A way to
estimate population size is to census adult individuals when they return to the river to spawn and
relate this to estimates of spawning intervals for males and females. However, if non-natal
individuals cooccur in the area where this natal adult sampling is occurring, the results could be
skewed due to the inclusion of these individuals in the population count (Waldman et al. 2013).
Understanding how far Atlantic sturgeon may travel into non-natal rivers would be beneficial to
guide surveys of abundance. Additionally, knowing an estimated percent of non-natal individuals
that may migrate particular distances upstream can be helpful as this percentage can be deducted
from population size estimates to account for these non-natal individuals. Moreover, an
understanding of the occurrence of non-natal sturgeon within rivers will help understand how
human activities within rivers may impact populations across the coast. Finally, knowing when
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and where non-natal fish occur can help support the improvement of genetic baselines for the
species.
Stray rates among Atlantic sturgeon are low (Grunwald et al. 2008; Wirgin et al. 2002).
However, while non-natal individuals may not use a particular river for spawning, it is not
uncommon for individuals to use non-natal habitats, including entering non-natal estuaries and
rivers. While Atlantic sturgeon may use non-natal rivers, it is unlikely that they travel the same
distances upriver as natal individuals and likely do not travel past the gradient into freshwater
(Edwards et al. 2020). A proposed explanation to this is the energy output to alter the Atlantic
sturgeons’ osmoregulation and ion regulation from a hypertonic environment to a hypotonic one
is not equal to the energy input received by passing this gradient. Additionally, a proposed
purpose of migration patterns of Atlantic sturgeon is to search for food. Fasting has been noted in
Gulf sturgeon when individuals enter the freshwater reaches of their spawning river (Mason and
Clugston 1993; Johnson et al. 1997). If Atlantic sturgeon follow this trend, it may explain why
an individual searching for food may turn around once it reaches the freshwater gradient.
Atlantic sturgeon return to their natal rivers at different time intervals based upon sex.
Males generally arrive to the spawning site of their natal rivers prior to females as well as stay
longer in the season (Breece et al. 2021). Knowing time specifics of seasonal migrations for
males versus females can be helpful in mitigation of anthropogenic threats during times of
occurrence of these fish. Within the Hudson River, males reach the spawning grounds first, while
females stage downstream until they are ready to spawn (Breece et al. 2021; Breece et al. 2013).
As a result, males may potentially travel further upriver in the days prior to female arrival in
search of a female that may have arrived earlier than the others.
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My objectives were to compare the distance travelled upstream into the Hudson River
and Delaware River between natal and non-natal individuals. The proportion of natal to nonnatal individuals at certain river kilometer markers can be used to assess the likelihood of
individuals being natal or non-natal without genetic assignment. It is expected that natal
individuals will travel further upriver than non-natal individuals, who will likely not travel to
freshwater. The other objective was to further compare the distance travelled upstream between
natal and non-natal individuals based upon sex of the individual, where it is expected that males
will travel further due to the tendency of females to stage downstream.

Methods
Sample Collection
Sampling efforts were performed by Dr. Dewayne Fox through Delaware State
University. Atlantic sturgeon were collected from various locations in and around the Delaware
Bay. Sampling from 2005-2008 was performed within the Delaware River and Bay (n=32).
Sampling from 2009-2017 was performed in the marine waters of coastal Delaware (n=442).
Sampling efforts from 2019-2020 were performed in the entrance to the Delaware Bay (n=50).
Gill nets were used for Atlantic sturgeon sampling. Sturgeon were tagged with a long-lived
acoustic transmitter (VEMCO; V-16-6H; 158dB, 6.4 years longevity, nominal transmission time
of 90 s) and fin clips were collected and stored in 95% ethanol. Genetic samples were sent to
USGS Eastern Ecological Science Center for processing.

Genetic Assignment
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The DNA from fin clips from 470 individuals was extracted and amplified through PCR
at 12 microsatellite loci (AO23, LS68, LS19, AO45, LS54, D241, LS39, D170, AO12, D188,
D44, and D165; May et al. 1997; King et al. 2001; Henderson-Arzapalo and King 2002)
following the protocol detailed in Chapter 2. Fragment analysis was performed on an ABI 3500
Genetic Analyzer and genotypes were identified and manually confirmed using the software
GeneMapperTM (Thermo Fisher Scientific).
To determine natal river origin, these results were compared to an Atlantic sturgeon
genetic baseline consisting of 18 populations and comprised of individuals from known active
spawning locations (White et al. 2021). Some rivers are known to support spring and fall
spawning runs and these were treated as separate populations. The baseline included 2,510
individuals and only used juvenile individuals, which still reside in the river since birth, as well
as adults which have returned to the river to spawn. This limits the chance of including a nonnatal individual in the baseline for a particular river population.
GeneClass2 (Piry et al. 2014) was used to compare the unknown samples to the Atlantic
sturgeon genetic baseline using Bayesian methods (Rannala and Mountain 1997) and assigned to
the most likely river of origin. If assignment percentage was under 80% likelihood, the sample
was considered unknown origin. A threshold of 80% was selected to maximize accuracy while
maintaining a large percentage of individuals to be included in the analysis. When testing the
baseline using a leave-one-out approach, a threshold of 80% allowed for the inclusion of 79.5%
of individuals while maintaining an accuracy of 90.8% likelihood for the included individuals.
Using this 80% threshold in our own data, similarly, kept 79.4% of individuals to be used in
analyses.
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Telemetry Analysis
Telemetry data were compiled from the years 2009-2016 from 61 receivers in the Hudson
River and 131 receivers in the Delaware River ranging from the mouth of each river upstream to
river kilometer (RKM) 219 (Hudson River) and RKM 221 (Delaware River) (Figure 1).
Telemetry data collected from the Hudson and data collected from the Delaware Rivers were
analyzed separately. Telemetry data were linked to genetic assignment results from Chapter 2
using transmitter ID’s which are unique to individual Atlantic sturgeon. Data were subset by year
and further subdivided into collections of natal and non-natal fish. Natal fish were ones who
were genetically assigned to the Hudson River or Delaware River, respectively, while non-natal
sturgeon assigned to any other population.
For each transmitter (individual fish), only the detection at the maximum RKM receiver
station was kept for each of the eight years and all duplicates were filtered out. Yearly furthest
travelled distance for each individual identified within the Hudson River or the Delaware River,
separated by natal and non-natal data, was analyzed. Data were analyzed on a yearly basis to
compare natal and non-natal distance travelled. Additionally, to maximize power of the analysis,
the yearly data were compiled from 2009 to 2016 of furthest distance travelled by natal or nonnatal individuals found in the Hudson or Delaware Rivers.
Sex was determined by four methods: field sex determination, macro gonad analysis,
histological analysis, and genetic sex identification (Van Eenennaam et al. 1996; Breece et al.
2021; Kuhl et al. 2020). Sex of an individual was considered as unknown if results among
methods were contradictory or inconclusive. Sex data were combined to the genetic assignment
of each individual by a unique transmitter ID.
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Statistical Analyses
The furthest distance travelled upriver was compared between natal fish and non-natal
fish in each of the Hudson and Delaware Rivers using a two-tailed t-test (α = 0.05). A t-test was
also used to compare the distance of upstream travel between males and females for both natal
and non-natal individuals. Additionally, a chi-squared test was performed to compare the ratios
of natal to non-natal individuals within either the Hudson or Delaware River to the genetic
assignment proportions for each river.

Results
Hudson
A total of 373 Atlantic sturgeon were successfully assigned back to their natal river with
a likelihood over 80%, including 156 Hudson River individuals. For the data compiled between
2009 and 2016, there was a significant difference in the furthest distance travelled upstream
between natal and non-natal individuals (p=0.016) with the average furthest distance travelled
for natal individuals being 135.1 km and 109.5 km for non-natal individuals (Figure 2; Table 1).
Looking at a yearly breakdown, this trend holds for a majority of the years, with the average
furthest distance travelled being further for the natal individuals as compared to non-natal, except
for 2016. In 2016 the average distance travelled for non-natal individuals (162.2 km) was higher
than that for natal (160.0 km) (Table 1). There were no significant differences in furthest
distance travelled between males and females when looking at the yearly data. This is likely due
to lack of power due to small yearly sample size.
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Throughout the eight years, there were 235 entrances of natal fish into the Hudson River;
however, these entries were only made by 82 of the 156 unique individuals genetically assigned
to the Hudson River population. Additionally, there were only 47 entries of non-natal fish into
the Hudson River made by 22 unique individuals between 2009 and 2016. When running a chisquared analysis comparing Hudson River individuals to non-Hudson individuals based on the
expected ratio of Hudson individuals (n=156 ; 41.8%) to all assigned individuals (n=373), there
was a significantly higher proportion of Hudson-natal individuals found within the river
(p=1.0x10-5).
When analyzing the 22 unique non-natal individuals, there were 11 individuals that were
present within the Hudson River more than a single year meaning that 50% of the non-natal
individuals returned to the Hudson River during multiple years (Table 2). The distance travelled
upstream was also considered as some repeat visitors may have just been returning to the mouth
of the river. When looking at non-natal individuals that surpassed the average furthest distance
travelled by natal individuals (RKM 135), there were 30 instances between the years 2009 and
2016. These 30 instances were made up of 11 individuals with six of them reaching or surpassing
RKM 135 at least twice within the eight years. One fall run James River assigned individual
returned past RKM 135 seven times and multiple others returned three or four times (Table 2).
The six non-natal individuals that repeatedly passed RKM 135 in the Hudson were all males and
assigned back to James fall (n=2), Pee Dee spring (n=1), Delaware (n=2), and Albemarle
Complex (n=1). All of these individuals were detected far upriver around the spawning months
of the Hudson population (May, June, July).
The compiled data from 2009 to 2016 were then divided by sex. The average furthest
distance travelled by Hudson males was 139.0 km while females was 109.9 km. For non-natal
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individuals, the average furthest distance travelled by males was 136.0 km where females
furthest distance averaged 29.3 km. For both natal and non-natal individuals, males travelled
significantly further upstream than females (p=0.0079 and p=0.00031, respectively).

Delaware
Out of the 373 assigned Atlantic sturgeon sampled from the coast of Delaware, 31
individuals assigned back to Delaware. Within the eight years of this study, there were 100
entries of Delaware-natal individuals to the river; during this same time period, there were 760
entries of non-Delaware assigned individuals into the river (Figure 3). However, natal
individuals typically travelled further upstream than non-natal individuals. Average compiled
furthest upstream distance from 2009 to 2016 was 68.6 km and was significantly further
upstream than for non-natal individuals, who averaged 18.0 km (p=1.56x10-11). When data were
evaluated annually, the same trend for each year was observed, with significant differences
between the average furthest travelled distance in natal and non-natal individuals in five of the
eight years (Table 1).
Between 2009 and 2016, there were 100 total entrances of Delaware-natal Atlantic
sturgeon into the Delaware River comprised of 26 unique individuals. There were 760 entries of
non-natal fish comprising 253 unique individuals into the Delaware River during that eight year
span. Comparing the Delaware-natal individuals to the non-natal individuals that were detected
by the Delaware River receivers, there was not a significant difference between the number of
natal and non-native individuals entering the Delaware River from what is expected based on the
genetically assigned Delaware individuals (n=31 ; 8.3%) from our 373 assigned sturgeon
(p=0.541).
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There were 253 unique non-natal Atlantic sturgeon that were detected by Delaware River
receivers between 2009 and 2016. Sixty-eight individuals that were found in the river only once
over the eight year span while 73.1% of non-natal individuals (n=185) were detected to be at
RKM 0 or higher two or more separate years within that time interval. The average distance that
Delaware-natal individuals travel up-river is 68 km; for the next analysis, this 68 km was used as
a distance threshold, where non-natal individuals that surpassed RKM 68 were analyzed. There
were 55 instances of non-natal individuals travelling past RKM 68 between 2009 and 2016; these
instances were made up of 36 individuals with 25 individuals only passing this river kilometer
once. Eleven non-natal individuals returned to the Delaware river past RKM 68 at least twice;
two individuals returned four times within the eight years (Table 3). The non-natal individuals in
the Delaware River returning past RKM 68 included both males and females. These individuals
assigned primarily back to the Hudson (n=6), as well as James fall (n=2), James spring (n=1),
Albemarle Complex (n=1), and Ogeechee spring (n=1). The male non-natal individuals found in
the Delaware River tended to be present during May to August. However, the females were
present in the far upriver reaches for more extended periods of time. These females are seen to
spend four to six months above RKM 68, ranging from May to October.
The compiled data from 2009 to 2016 were divided into male and female for both natal
and non-natal individuals. The average furthest upstream distance travelled by Delaware males
was 81.2 km and the average furthest upstream distance for females was 53.0 km. For nonDelaware individuals, the average furthest distance travelled for males was 19.2 km and the
average furthest distance for females was 17.1 km. While there was a trend that males travel a
further distance than females, only Delaware natal individuals had a statistically significant
difference of average furthest distance between males and females (p=0.036).
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Discussion
Gaining an understanding of how Atlantic sturgeon travel, both within their own natal
river systems, as well as how they travel within non-natal estuaries and rivers is crucial in
understanding how anthropogenic threats may influence populations from along the Atlantic
coast. Atlantic sturgeon migrate long distances while not spawning and they often inhabit nonnatal estuaries and even rivers (Waldman et al. 2013). In doing so, they increase their risk of
encountering dangers prevalent in various riverine systems. Our results show that natal
individuals travel further upriver than non-natal individuals (Hudson p=0.016; Delaware
p=1.56x10-11); however, non-natal individuals still travel far distances upstream.
Distance traveled is likely related to the location of the salt front. Within the Hudson
River, non-natal fish travelled an average of 109.6 km upstream, coinciding near to the salt front
within this river. The salt front is a location within a river where brackish waters from the ocean
turn to fully freshwater while moving upriver. This point in the river changes throughout the
year, however, resides roughly around RKM 100 in the Hudson River during the spring
spawning season (Breece et al. 2021). Non-natal fish in the Delaware, however, did not travel as
far upstream. Non-natal fish within the Delaware River travelled an average of 18.0 km. As a
comparison, the salt front within the Delaware River falls between RKM 92 and RKM 112
averaging around RKM 102 (Breece et al. 2013). Non-natal fish, as well as natal fish (avg. RKM
68.6 km), did not travel nearly as close to the salt front within the Delaware River within our
study. While there were individuals that did surpass RKM 102, on average, individuals stayed
further downstream. The Delaware Bay is a site of Atlantic sturgeon aggregation and was seen in
our study as many non-natal individuals were tracked to RKM 0 but no further. These
individuals likely are using the Bay and may come near to, but do not travel into the Delaware
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River, causing the average distance traveled by non-natal individuals to be lower. Atlantic
sturgeon eggs and fry are very sensitive to saltwater, which is why Atlantic sturgeon spawning
grounds are typically upriver of the salt front (ASSRT 2007). Our results show an average
upriver travel of 68.6 km by Delaware River individuals, which is downriver of the salt front
within the Delaware River. From our 31 genetically assigned Delaware individuals (26 of which
were detected in the Delaware between 2009 and 2016), an average of 5.25 Delaware-natal
individuals passed the salt front each year (average of 3.5 males and 1.75 females).
Characteristics of the Delaware River and its Atlantic sturgeon population may help to
explain why individuals may not travel as far upstream. The Delaware River spawning
population was once thought to be extirpated, however, is now estimated to have less than 300
spawning individuals (ASSRT 2007). Stretches of the Delaware River have historically had
extremely diminished levels of oxygen, or hypoxia, particularly in the spring to summer months
as the water warms and does not hold oxygen as well (Sharp 2010; Albert 1988; Wirgin et al.
2015). These areas of hypoxia existed around Philadelphia, PA (~ RKM 162) and likely into
historical spawning areas (Wirgin et al. 2015). Atlantic sturgeon cannot inhabit the river pockets
experiencing hypoxia, which therefore may explain why natal Atlantic sturgeon in the Delaware
River do not travel as far upstream. Out of our 31 assigned Delaware individuals, an average of
5.25 individuals (16.9%) pass RKM 100. If individuals are not able to pass the salt front into
freshwater, even if spawning does occur, the offspring will not survive due to the salinity.
It is not surprising that the proportion of Delaware individuals that are present in the
Delaware River (9.3%) is not significantly larger than the proportion that we found in our
genetically assigned aggregate (8.3%). This could be due to the proximity of the sampling
location of the individuals included in the genetic assignment to the Delaware River. Sampling
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occurred within the Delaware Bay, Delaware River, and marine waters proximal to Delaware,
increasing the likelihood of a sampled individual moving within range of the receivers of the
Delaware River. However, this result is more likely due to the low population size of the
Delaware River population. The estimated number of spawning adults is under 300 and likely
therefore did not heavily skew the proportion of natal individuals found within the Delaware
River (ASSRT 2007).
The Hudson River showed a significantly higher proportion of natal individuals within
the Hudson River compared to the proportion found in the genetically assigned aggregate
(p=1.0x10-5). The Hudson River spawning population currently supports the largest population
of spawning individuals, with an estimated <1000 spawning adults (Kazyak et al. 2020 ; Breece
et al. 2021). Due to the large population of Atlantic sturgeon within this river, many natal
individuals return to the Hudson River to spawn. These natal individuals will therefore cause a
skew toward a higher proportion of Hudson individuals. Additionally, the entrance to the Hudson
River, unlike the Delaware River, is largely blocked off by Long Island, NY which may prevent
non-natal individuals from entering into the reaches of the Hudson River receivers.
Our results showed several returning individuals into each the Hudson River and the
Delaware River. The Hudson River had six non-natal individuals surpass RKM 135 (the average
distance travelled by natal individuals) at least two times between 2009 and 2016, with one
individual returning past RKM 135 seven times. The Delaware River had 11 non-natal
individuals surpass RKM 68 (average distance travelled by natal individuals) at least two times
throughout the eight years, with two individuals returning four times. This counters the accepted
notion that Atlantic sturgeon have high philopatry and genetically low observed levels of gene
flow, suggesting low levels of straying (Grunwald et al. 2008; Waldman and Wirgin 1998). A
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potential explanation for low rates of gene flow is non-successful breeding by strayed
individuals. An individual may enter into a river system during a non-spawning season, and
would not reproduce, therefore would not influence gene flow. However, within the both the
Hudson and Delaware Rivers, non-natal Atlantic sturgeon appear near the spawning grounds
during the spawning season, potentially suggesting straying.
Straying has been found in other sturgeon species such as lake sturgeon where Homola et
al. (2012) found high rates of straying in lake sturgeon populations. Proximal river straying has
also been found in Gulf sturgeon, a subspecies of Acipencer oxirinchus (Fox et al. 2002; Vick et
al. 2018; Parauka et al. 2011). Various other fish species display straying, particularly
anadromous salmonids (Keefer et al. 2014; Tallman and Healey 1994). Potential recolonization
efforts have also been observed in Atlantic sturgeon. A male individual found in the Patuxent
River, which was believed to be extirpated, travelled to the freshwater reaches of this river
during the time period of spawning of other nearby spawning populations (Edwards et al. 2020).
Studies in various sturgeon species have looked at the movement differences between
males and females travelling upriver. Significant differences in upriver travel between males and
females were not observed in Gulf sturgeon or lake sturgeon (Fox et al. 2000; Shaw et al. 2013).
Our results, however, saw a trend of males travelling further upriver for both natal and nonindividuals within each of our river systems. Males travelled significantly further upriver than
females in all scenarios except for Delaware non-natal individuals. The distance travelled upriver
between males and females is not well studied. However, males have been seen to arrive to the
spawning site and remain longer than females (Breece et al. 2021). Some potential explanations
as to why males on average travel further upriver than females are that males use their extra time
in the river travelling upriver searching for a mate or exploring new habitats.
48

My study found significant differences in river upstream travel between natal and nonnatal Atlantic sturgeon. Natal individuals tend to travel further upriver, however, there are nonnatal individuals that travel just as far. Per part of their federal listing, when Atlantic sturgeon
mortalities occur, the deceased individual is genotyped to determine natal origin. If a threshold
existed within a river, the assumption could stand that individuals upriver from that threshold
would assign to that river, and potentially not require genetic testing. However, our study shows
no clear threshold, instead the proportion of non-natal individuals decreases as moving upriver,
but there may be individuals that travel just as far as natal individuals. While the proportion of
natal individuals is greater moving upriver, in the case of a mortality, genetic testing will still be
required to confirm natal origin. The proportions of natal to non-natal individuals can still prove
helpful in censusing efforts of Atlantic sturgeon within rivers. Methods such as side-scan sonar
are increasingly being used within rivers to estimate population sizes, however this method does
not genetically assess individuals to determine natality (Kazyak et al. 2020). Observed
proportions of natal and non-natal individuals at specific distances within the river can be used to
correct modeled estimates of population size determined by these previous censusing efforts.
Previously, it has been thought that stray rates of Atlantic sturgeon were low; however, in
our study repeated straying of Atlantic sturgeon into non-natal river populations during active
spawning season was observed. The presence of non-natal individuals in the Delaware River
may suggest attempted recolonization which may potentially assist in increasing the size of this
population, though potentially cause the loss of the Delaware population genetic structure if
hybridization occurs. The degree of straying in both the Hudson and Delaware Rivers, as well as
rivers along the coast, should be studied further. Use of telemetry can help gain an understanding
of how Atlantic sturgeon are moving into non-natal rivers. Seasonal comparisons to natal fish
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may indicate whether spawning may be taking place, as well as analyzing gene flow rates within
populations.
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Figures and Tables

Figure 1. Map of receivers present in the Hudson River and the Delaware Rivers. There are
61 receivers in the Hudson River ranging from RKM 0 to 219. There are 131 receivers in the
Delaware River ranging from RKM 0 to 221. The star marks around RKM 100 in each river.
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Figure 2. Top graph shows how many individuals travelled to each river kilometer (RKM) marker
ranging from 0 (mouth of the Hudson River) to 219. This is divided by natal assignment and sex of the
individual. Bottom graph shows the percentage of the natal origin/sex of all of the individuals that are
present at or had passed certain RKM intervals.
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Figure 3. Top graph shows how many individuals travelled to each river kilometer marker (RKM)
ranging from 0 (mouth of the Delaware River) to 221. This is divided by natal assignment and sex of
the individual. Bottom graph shows the percentage of the natal origin/sex of all individuals that are
present at or had passed certain RKM intervals.
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Table 1. Average furthest distance travelled by natal and non-natal fish from 2009-2016 within the Hudson
and Delaware Rivers. Maximum distances were compared between natal and non-natal individuals for
each year to determine significance at (α=0.05). Significant p-values are marked with an asterisk (*).

Table 2. Eleven non-natal individuals reached or
surpassed Hudson River kilometer 135 at least one
time during the 8 years of the study. This shows the
number of returns to RKM 135 made by these
individuals from 2009-2016.

Table 3. Thirty-six non-Delaware individuals
reached or surpassed river kilometer 68 at least
one time during the 8 years of the study. This
shows the number of returns to RKM 68 made by
these individuals from 2009-2016.
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